The Arabidopsis AtPTR2 and fungal fPTR2 genes, which encode H ؉ /dipeptide cotransporters, belong to two different subgroups of the peptide transporter (PTR) (NRT1) family. In this study, the kinetics, substrate specificity, stoichiometry, and voltage dependence of these two transporters expressed in Xenopus oocytes were investigated using the two-microelectrode voltage-clamp method. The results showed that: 1) although AtPTR2 belongs to the same PTR family subgroup as certain H ؉ /nitrate cotransporters, neither AtPTR2 nor fPTR2 exhibited any nitrate transporting activity; 2) AtPTR2 and fPTR2 transported a wide spectrum of dipeptides with apparent affinity constants in the range of 30 M to 3 mM, the affinity being dependent on the side chain structure of both the N-and Cterminal amino acids; 3) larger maximal currents (I max ) were evoked by positively charged dipeptides in AtPTR2-or fPTR2-injected oocytes; 4) a major difference between AtPTR2 and fPTR2 was that, whereas fPTR2 exhibited low Ala-Asp ؊ transporting activity, AtPTR2 transported Ala-Asp ؊ as efficiently as some of the positively charged dipeptides; 5) kinetic analysis suggested that both fPTR2 and AtPTR2 transported by a random binding, simultaneous transport mechanism. The results also showed that AtPTR2 and fPTR2 were quite distinct from PepT1 and PepT2, two well characterized animal PTR transporters in terms of order of binding of substrate and proton(s), pH sensitivity, and voltage dependence.
porters were found to share sequence similarity with CHL1, and were classified together with CHL1 to form the new transporter family, PTR, this name being preferred because the majority of members are peptide transporters. CHL1 and these peptide transporters then served as prototypes to search for homologs in other organisms or tissues. Today, more than 20 PTR family members with transport activities are known (9) . Phylogenetic analysis of the nitrate and peptide transporters of the PTR family indicates that they can be classified into four groups (Fig. 1 ). Group I contains transporters from bacteria, group II transporters from animals, group III transporters from fungi, and group IV transporters from higher plants and histidine/peptide transporters from mammals. The four groups also have different topologies (Fig.  1 ). All are predicted to have 12 transmembrane (TM) domains. Members of group I are compact, with only short hydrophilic loops between the TM domains, whereas the members of the other groups contain a long hydrophilic loop (ϳ100 amino acid long), which lies between TM domains 9 and 10 in group II, between TM domains 7 and 8 in group III, and between TM domains 6 and 7 in group IV.
All members of groups I, II, and III are peptide transporters, whereas group IV consists of a mixture of peptide and nitrate transporters (Table I) , which cannot be easily classified into two subgroups on the basis of sequence similarity. This raises the question whether nitrate transporters in this family can also transport peptides and whether the peptide transporters in this family can also transport nitrate. As addressed in our previous studies, the nitrate transporters AtNRT1:2 and Os-NRT1 do not transport peptides (10, 11) . However, none of the peptide transporters in the PTR family have been tested for their ability to transport nitrate. In this study, we chose two peptide transporters, AtPTR2 (group IV) and fPTR2 (group III), to address this question.
AtPTR2 is an Arabidopsis peptide transporter gene isolated by complementing the yeast peptide transport mutant ptr2 with an Arabidopsis cDNA library (6) . In situ hybridization analysis showed that AtPTR2 is expressed in the embryo (12) . The peptide transporter gene fPTR2 (originally named AtPTR2A) was also isolated by functional complementation of a yeast peptide transport mutant using an Arabidopsis cDNA library (13) , but was later found not to be an Arabidopsis gene, but probably derived from a fungal contaminant (14) .
In this report, the substrate specificity and kinetic properties of AtPTR2 and fPTR2 were extensively examined by electrophysiological analysis of cRNA-injected Xenopus oocytes. The results revealed functional similarities and differences between peptide transporters in different groups of the PTR family. A mode of action of the two transporters is also proposed.
EXPERIMENTAL PROCEDURES
Subcloning of AtPTR2 and fPTR2 cDNA into pGEMHE-To enhance the expression of AtPTR2 and fPTR2 in Xenopus oocytes, cDNA fragments were cloned into plasmid pGEMHE (15) . The ϳ2.0-kb NotI cDNA fragment of AtPTR2 or fPTR2 was excised from plasmids pDTF1 (6) or pDTF4 (13) , respectively, and cloned into pBluescript SKϩ (Stratagene, La Jolla, CA) to produce the restriction sites for the subsequent construction. For AtPTR2, the cDNA fragment containing 25 bp of the 5Ј untranslated region, 1758 bp of the coding region, and 141 bp of the 3Ј untranslated region were generated by digestion with EcoRI and XhaI (both in the multiple cloning site) and cloned into the EcoRI and XhaI sites of pGEMHE to give plasmid pGEMHE-AtPTR2. For fPTR2, the cDNA fragment containing 293 bp of the 5Ј untranslated region, 1830 bp of the coding region, and 315 bp of the 3Ј untranslated region was generated by digestion with EcoRI (in the cDNA) and XhoI (in the multiple cloning site), the XhoI end was converted into a blunt end by Klenow filling, and the insert cloned into XbaI-digested (followed by blunting with Klenow) and EcoRI-digested pGEMHE to give plasmid pGEMHE-fPTR2.
Functional Expression of AtPTR2 or fPTR2 in Xenopus Oocytes-For in vitro transcription, pGEMHE-AtPTR2 were linearized with NheI, and plasmid pGEMHE-fPTR2 was linearized with SphI and blunted with Klenow. Capped cRNA was transcribed in vitro using mMESSAGE mMACHINE kits (Ambion, Austin, TX). Oocytes were isolated as de-FIG. 1. Phylogenetic tree for members of the PTR family. The phylogram was created from a multiple protein sequence comparison using the Pile-Up, Distances, and GrowTree programs of the GCG package (the Genetic Computer Group Inc., Madison, WI) with a gap penalty of 1 and a gap length penalty of 1. LlDtpT and LhDtpT are peptide transporters from L. lactis and Lactococcus helveticus, respectively (8, 27) . YhiP and CePTR2 are putative gene products from Escherichia coli and C. elegans, respectively (28, 29) . HsPepT2, RnPepT2, and OcPepT2 are renal peptide transporters from man (30) , rat (31) , and rabbit (32); HsPepT1, RnPepT1, and OcPepT1 are intestinal peptide transporters from man (33) , rat (34, 35) , and rabbit (4). RnPHT1 and RnPHT2 are rat peptide/histidine transporters expressed in brain and the lymphatic system, respectively (19, 36) . DmOPT1 is a peptide transporter expressed in nurse cells of Drosophila ovaries (37, 38) . Fungal fPTR2 (13) , AtPTR2 (NTR1) (6, 12) from Arabidopsis, ScPTR2 from yeast (7), and CaPTR2 from Candida albicans (39) are peptide transporters cloned by complementing a yeast peptide uptake mutant. AtPTR2 is the same as AtNTR1, originally cloned by weak complementation of a yeast histidine uptake mutant (5) . HvPTR1 is a barley peptide transporter isolated using degenerated primers (40) . AtCHL1 is an Arabidopsis nitrate transporter cloned using a T-DNA-tagged chlorate-resistant mutant (3). BnNRT1;2 from Brassica (41) and LeNRT1-1 and LeNRT1-2 from tomato (42) were cloned by homologous hybridization using AtCHL1 cDNA as probe. AtNRT1:2 from Arabidopsis and OsNRT1 from rice were isolated by a sequence homology search of the EST data base using the CHL1 protein sequence (10, 11) . LJNOD65 is a Lotus japonicus nodule-specific gene of unknown function (43) . c, cytosolic side. 3 . The oocytes were voltage-clamped at Ϫ60 mV with a TEV-200 two-electrode amplifier (Dagan, Minneapolis, MN). In the I/V relationship studies, the oocyte plasma membrane was held at Ϫ60 mV, then 300-ms pulses of step changes (0 mV (or Ϫ40 mV) to Ϫ160 mV in 20 mV decrements) in membrane potential were applied. The current evoked at the end of the 300-ms pulses was plotted against the membrane potential. Measurements were recorded using the AXOTAPE and pCLAMP6 programs (Axon Instruments, Inc., Foster City, CA).
Kinetic Analysis-The currents elicited by different concentrations of peptides at each membrane potential (V m ) were fitted to the equation,
by a nonlinear least squares method using Program Original 5.0 (Microcal Software, Northampton). I is the evoked current (i.e. the current difference in the presence and absence of substrate), [S] the peptide concentration, I max S the maximal current at a saturating concentration of peptide, and K m S is the peptide concentration at which the current is half-maximal. The currents elicited by dipeptide at different pH values were fitted to the equation, 
RESULTS

AtPTR2 and fPTR2
Lack Nitrate Transport Activity-Oocytes injected with AtPTR2 or fPTR2 were voltage clamped at Ϫ60 mV, then perfused with 10 mM nitrate or dipeptide GlyGly at pH 5.5. As shown in Table II , AtPTR2-or fPTR2-injected oocytes responded to Gly-Gly with an inward current, but showed little or no current changes in response to nitrate, showing that AtPTR2 and fPTR2 transport peptide, but not nitrate. The Arabidopsis nitrate transporter, CHL1, was included for comparison and, consistent with our results for the Arabidopsis nitrate transporter, AtNRT1:2 (10), and the rice nitrate transporter, OsNRT1 (11), was found to transport nitrate, but not Gly-Gly (Table II) .
In addition to nitrate and peptide, histidine can be transported by two group IV members. For example, using the Xenopus oocyte expression system, the Brassica transporter, Bn-NRT1;2, was shown to transport both nitrate and histidine (18) , and the rat transporter PHT1 to transport both peptide and histidine (19) . As shown in Table II and Fig. 2 , little or no current change was elicited by histidine in AtPTR2-or fPTR2-injected oocytes (Table II and Fig. 2 ).
In AtPTR2-or fPTR2-injected oocytes, Gly-Gly evoked a current increase at hyperpolarizing membrane potentials, whereas nitrate or histidine evoked little or no current change at any membrane potential tested up to Ϫ160 mV (Fig. 2) . Nitrate transporters in the PTR family are electrogenic (3, 10, 18, 20) , the absence of current elicited by nitrate in AtPTR2-or fPTR2-injected oocytes is therefore indicative of no nitrate transport activity in AtPTR2 and fPTR2. To rule out the possibility that nitrate might be transported through AtPTR2 and fPTR2 in an electroneutral manner, effect of nitrate on peptide transport activity was determined. As n ϭ 18 n ϭ 7 n ϭ 10 Histidine 13.5 Ϯ 11.6 5.6 Ϯ 4.0 Ϫ0.1 Ϯ 3.4 3.1 Ϯ 1.9 n ϭ 7 n ϭ 7 n ϭ 3 n ϭ 4
FIG. 2. Current-voltage relationship recorded in
AtPTR2-or fPTR2-injected oocytes. Average currents evoked using 10 mM nitrate, histidine, or Gly-Gly at pH 5.5 in three different oocytes expressing AtPTR2 (A) or fPTR2 (B). The currents presented are the difference between the currents measured in the presence or absence of the substrate and are presented as the mean Ϯ S.D.
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shown in the Supplemental Materials (Fig. S1 ), the current elicited by Gly-Gly in the fPTR2-injected oocyte was not inhibited by the presence of nitrate. Taken together, these data indicate that, despite their sequence similarity, the nitrate transporter, CHL1, transports nitrate, but not peptide, whereas the peptide transporters, AtPTR2 and fPTR2, transport peptide, but not nitrate.
Optimal Peptide Length for AtPTR2 and fPTR2-In AtPTR2-or fPTR2-injected oocytes, the current elicited by Gly-Gly-Gly was about 60% of that elicited by Gly-Gly, whereas that elicited by Gly or Gly-Gly-Gly-Gly was Յ10% of that elicited by Gly-Gly (all at 10 mM) (Fig. 3) . This is consistent with the inhibitory effect of di-and tripeptides containing toxic amino acids on the growth of yeast transformed with AtPTR2 or fPTR2 (6, 13). Thus, like PepT1 and PepT2 (4), AtPTR2 and fPTR2 respond optimally to di-and tripeptides.
Amino Acid Side Chain Specificity of AtPTR2 and fPTR2-To elucidate the amino acid side chain specificity of AtPTR2 and fPTR2, injected oocytes were voltage-clamped at Ϫ60 mV, then exposed to various dipeptides at different concentrations. The normalized I max values calculated for the dipeptides tested are shown in Fig. 4 and the calculated affinities and permeabilities are shown in Table III . For both AtPTR2 and fPTR2, the I max for positively charged peptides (Ala-His, His-Leu, Lys-Leu, and Ala-Lys) were larger than that for the other peptides tested. The major difference between AtPTR2 and fPTR2 was their response to the negatively charged dipeptide, Ala-Asp, which evoked relatively large currents in AtPTR2-injected oocytes, but smaller currents in fPTR2-injected oocytes (normalized I max for Ala-Asp ϳ500 and ϳ150%, respectively, in AtPTR2-and fPTR2-injected oocytes, see Fig. 4 ).
As shown in Table III , the affinities of the dipeptides tested in AtPTR2-and fPTR2-injected oocyte were in the range of ϳ30 M to ϳ2 mM. With the exception of His-Leu and Tyr-Leu, the affinities of the different dipeptides were quite similar for AtPTR2 and fPTR2, with Leu-Leu showing the highest affinity for both. The studies of L. lactis peptide transporter DtpT (21) and the rat kidney oligopeptide/H ϩ symporter (22) showed that increasing hydrophobicity in both the N-and C-terminal side chains increases the affinity of a dipeptide substrate. However, in the cases of AtPTR2 and fPTR2, no such clear relationship was found. For example, when dipeptides with a fixed C terminus (Leu), the preferred residues in the N-terminal are in the order of Leu H Ͼ Tyr P Ͼ Lys ϩ Ͼ Ala H Ͼ His ϩ Ͼ Gly P (H: hydrophobic, P: polar, ϩ: positively charged) for AtPTR2 and Leu H Ͼ His ϩ Ͼ Lys ϩ Ͼ Gly P Ͼ Ala H Ͼ Tyr P for fPTR2 (Table  III) . Similarly, when dipepdies with a fixed N-terminal (Ala), the preferred residues in the C-terminal are in the order of Phe H Ͼ Leu H Ͼ Gly P Ͼ His ϩ Ͼ Asp Ϫ for AtPTR2 and Leu H Ͼ Lys ϩ Ͼ Gly P ϾPhe H Ͼ Asp Ϫ Ͼ His ϩ . Nevertheless, a common feature among AtPTR2, fPTR2, DtpT, and the rat kidney oligopeptide/H ϩ symporter is that dipeptides with Phe and Leu residues exhibited the highest affinity.
Influence of the Membrane Potential on Substrate AffinityThe neutral, anionic, and cationic dipeptides, Ala-Gly, Ala-Asp, and Ala-His, were chosen to investigate the effect of voltage on the substrate affinity of fPTR2 and AtPTR2 at pH 5.5. Xenopus oocytes injected with either fPTR2 or AtPTR2 were voltageclamped at Ϫ60 mV, then subjected to voltage pulses ranging from Ϫ40 to Ϫ160 mV for 300 ms in 20-mV decrements. As shown in Fig. 5 , the apparent affinity constant (K m ) of AtPTR2 and fPTR2 for the three dipeptides tested was relatively volt- were voltage-clamped at Ϫ60 mV and the currents were elicited by various concentrations of dipeptides measured at pH 5.5. The current/concentration curves were fitted to the Michaelis-Menten equation to obtain the maximal current (I max ) and apparent affinity (K m , shown in Table III ). The I max for each dipeptide was expressed as a percentage of that elicited by 1 mM Gly-Gly in the same oocyte. With the exception of the data for the His-Leu-and Lys-Leu-induced currents in AtPTR2-injected oocytes, which were obtained from a single oocyte, the data are the mean Ϯ S.D. for the results from two to four different oocytes. age-insensitive. At a hyperpolarizing V m (Ϫ80 to Ϫ160 mV), the K m values of AtPTR2 and fPTR2 for all three dipeptides were voltage-independent, whereas at membrane potentials more positive than Ϫ80 mV, the K m values either remained voltage-insensitive (e.g. AtPTR2 for all three dipeptides and fPTR2 for Ala-Asp), or increased slightly (e.g. fPTR2 for AlaGly and Ala-His ϩ ). Stoichiometry-To estimate how many protons were transported with peptide in each transport cycle, injected oocytes were exposed to 2 mM peptide at different pH values. As shown in Fig. 6 , for fPTR2, the apparent coupling coefficient, n, for proton(s) calculated at various membrane potentials, was close to 1 for both Ala-Asp and Ala-Gly. In the case of AtPTR2, n was close to 1 for the neutral dipeptide Ala-Gly, but close to 2 for the negatively charged dipeptide Ala-Asp.
Kinetics of Ala-His Transport-Of the dipeptides tested, AlaHis elicited the largest current in both fPTR2-and AtPTR2-injected oocytes (Fig. 4) and was therefore used to investigate the kinetics of AtPTR2 and fPTR2. As shown in Figs. 7, A and C, the maximal current induced by protons (I max Hϩ ) exhibited a supralinear dependence on voltage and increased as the [AlaHis] 0 increased. Similarly, as shown in Fig. 7, B and D, at a hyperpolarizing V m (less than Ϫ60 mV for AtPTR2-injected oocytes and less than Ϫ20 mV for fPTR2-injected oocytes), the maximal current induced by Ala-His (I max Ala-His ) increased as the proton concentration increased, but, at depolarizing potentials (Ϫ60 to 0 mV for AtPTR2-injected oocytes and Ϫ20 to 0 mV for fPTR2-injected oocytes), the I max Ala-His remained the same when the proton concentration was increased from 1 M, pH 6, to 10 M, pH 5.
The affinity for protons (K m H ) was relatively voltage-independent at 2 and 0.5 mM Ala-His (Fig. 8, A and C) . The affinity for Ala-His (K m Ala-His ) was also voltage-independent at 10 M H ϩ (Fig. 8, B and D) , but voltage-dependent at 1 M H ϩ . The K m H increased when the Ala-His concentration was decreased from 2 to 0.5 mM, and the K m Ala-His also increased when the proton concentration was decreased from 10 to 1 M.
K m H and K m Ala-His shown in Fig. 8 were calculated according to the total amount of Ala-His added. Because pK of the histidine side chain is about 6.0, the ratio of [Ala-His 0 ]/[AlaHis ϩ ] will be about 0.1 at pH 5, and 1 at pH 6. Taking this into consideration, the calculated K m Ala-Hisϩ or K m Ala-His0 will still increase when pH increases from pH 5 to 6 (Supplemental Materials Table S1 ). Similarly, the K m H , recalculated if AtPTR2 transports the neutral form of Ala-His, will still increase when the peptide concentration increases from 0.5 to 2 mM. And, when the peptide concentration increases from 0.5 to 2 mM, K m H , recalculated if AtPTR2 transports positively charged Ala-His ϩ , will remain the same at Ϫ160 to Ϫ120 mV and increase at Ϫ100 to Ϫ60 mV. Therefore, overall, regard- 
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less of which form of Ala-His was transported by these two transporters, the affinity for proton and Ala-His depended on the concentration of their respective co-substrates.
DISCUSSION
fPTR2 and AtPTR2 Are Peptide Transporters with No Nitrate Uptake Activity
We previously showed that nitrate transporters in the PTR family lacked peptide transport activity. Several peptide transporters in the PTR family have been identified from a wide range of organisms, including bacteria, fungi, animals, and plants. However, none of these peptide transporters have been tested for possible nitrate transport activity. In this study, two peptide transporters were shown to have no nitrate uptake activity. Together with our previous studies on nitrate transporters (10, 11), it appears that that PTR family peptide transporters and nitrate transporters are two distinct transporter subtypes.
Even though peptide transporters and nitrate transporters in the PTR family are functionally distinct, they cannot be easily classified into two groups on the basis of sequence similarity. In the Arabidopsis genome, there are 53 transporter genes predicted to belong to the PTR family (23) . Thus, because only 6 PTR members are found in the human genome, 4 in the Caenorhabditis elegans genome, 3 in the Drosophila genome, and 2 in the yeast genome, plants seem to have evolved high copy numbers of PTR transporters. This has led to the speculation that: 1) plants might use peptide hormones (23), or 2) PTR transporters might be able to transport substrates other than peptides or nitrate. One interesting potential substrate is indole acetic acid (IAA)-amino acid conjugates. IAA is an important plant growth hormone and 95% of the IAA pool is sequestered in an inactivated conjugated form, e.g. the amino acid-conjugated form. However, in AtPTR2-and fPTR2-injected oocytes, IAA-Ala, IAA-Leu, or IAA-Phe did not induce any current changes (data not shown). It remains to be determined whether other Arabidopsis PTR members have IAAamino acid conjugate transporting activity. H decreased at all membrane potentials when the Ala-His concentration was increased and that the K m Ala-His decreased when the proton concentration was increased. This increase in the apparent affinity of the transporter for proton and Ala-His as the concentration of their respective co-substrate increased suggests positive cooperativity between the two ligands for binding to their respective sites on the transporter. This suggests that both ligands bind to the transporter before being transported across the membrane, i.e. that the transporter operates via a simultaneous transport mechanism instead of a sequential transport mechanism (Fig. 9) .
A Random Binding, Simultaneous Transport Model
The I max Hϩ increased as the [Ala-His] o increased at all membrane potentials (Fig. 7, A and C) and the I max Ala-His increased as the [H ϩ ] o increased at hyperpolarizing potentials (more negative than Ϫ20 mV for fPTR2 and Ϫ60 mV for AtPTR2) (Fig. 7,  B and D) . This means that, at hyperpolarizing potentials, the I max values for both H ϩ and Ala-His were dependent on the concentration of their respective co-substrate, suggesting that AtPTR2 and fPTR2 operate by a random-binding transport model (Fig. 9) . However, at depolarizing potentials (greater than Ϫ20 mV for fPTR2 and greater than Ϫ60 mV for AtPTR2), AtPTR2 and fPTR2 function through an ordered binding mode in which H ϩ binds first (heavier arrows in Fig. 9 ). Because the membrane potentials of plant cells are usually more negative than Ϫ60 mV, our data suggest that, in the physiological range of membrane potentials, AtPTR2 and fPTR2 transport proton and dipeptide via a random binding, simultaneous transport model. 
Representative data from a single oocyte are shown; the error bars represent the error in the estimate. Similar results were obtained for two to five different oocytes.
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Functional Differences between AtPTR2 and fPTR2
In terms of structure, the Arabidopsis peptide transporter, AtPTR2, and the "fungal" peptide transporter, fPTR2, differ in having a long hydrophilic loop between TM domains 7-8 and 6 -7, respectively (Fig. 1) . In this study, most of the functional properties involved in the transport of neutral and positively charged dipeptides were quite similar between these two transporters. However, the two transporters differed in terms of the transport of the negatively charged peptide, Ala-Asp. First, Ala-Asp elicited a large current in AtPTR2-injected oocytes, but only a small current in fPTR1-injected oocytes (Fig. 4) ; this was unique to the negatively charged Ala-Asp, because positively charged and neutral dipeptides had a similar relative I max in AtPTR2 or fPTR2-injected oocytes. Second, the apparent coupling coefficient, n, for H ϩ is ϳ2 for AtPTR2 and ϳ1 for fPTR2 (Fig. 5) , but further experiments are needed to clearly define the stoichiometry.
Functional Differences between the Arabidopsis Peptide
Transporter, AtPTR2, and the Animal Peptide Transporters, PepT1 and PepT2 and fPTR2 were quite similar to each other, but distinct from the animal peptide transporters, PepT1 and PepT2, in several aspects, as described below. Random Binding Versus Ordered Binding-All four transporters transport dipeptide and proton by a simultaneous transport mode. However, PepT1 and PepT2 use an ordered binding mechanism in which the proton binds first (24, 25) , whereas AtPTR2 and fPTR2 mainly use a random binding mechanism (Fig. 9) .
Voltage Sensitivity of the Dipeptide Affinity-Several studies of PepT1 and PepT2 have shown that their apparent affinities for dipeptides, particularly charged dipeptides, are strongly voltage-dependent, decreasing about 10 -30-fold when the membrane is hyperpolarized from Ϫ50 to Ϫ160 mV (24 -26) . However, our present study of AtPTR2 and fPTR2 showed that their affinities were more or less voltage-insensitive or slightly increased (not decreased) on hyperpolarization from Ϫ50 to Ϫ160 mV (Figs. 5 and 8) .
Lack of Inhibition at a Low pH-Several studies (24 -26) have shown that, for both PepT1 and PepT2, the current evoked declines with increasing proton concentration, particularly at a hyperpolarized V m and a low substrate concentration. In contrast, our data showed that, for both AtPTR2 and fPTR2, the current evoked, even at Ϫ160 mV, did not decline with increasing proton concentration (see Supplemental Materials Fig. S2) .
Lack of a Hyperpolarization Inactivation Effect-Hyperpolarization inhibits the transport of PepT1 and PepT2, and this effect is enhanced by a low pH and a low substrate concentration (24, 25) . However, our data showed that, under similar conditions, no hyperpolarization-mediated inhibition was seen with AtPTR2-or fPTR2-injected oocytes (Fig. 2 and Supplemental Materials Fig. S3) .
In contrast to animal cells, in which the V m is about Ϫ50 mV, the membrane potential of a plant cell is about Ϫ120 mV and sometimes as low as Ϫ200 mV. In addition, because of the presence of H ϩ -ATPase on the plasma membrane, the external pH of a plant cell is maintained at around pH 5.5. This suggests that the lack of low pH and hyperpolarization inactivation in plant peptide transporters might have evolved to ensure that they can function under physiological conditions. As shown in Fig. 1 , the major structural differences between groups II (animal group), III (fungal group), and IV (plant group) are their long hydrophilic loops, which may be responsible for the observed functional differences. , transporter loaded with both substrate and protons. The kinetic characteristics of fPTR2 and AtPTR2 suggest that they operate through a random binding, simultaneous transport mechanism when the membrane potential is more negative than Ϫ20 mV for fPTR2 and more negative than Ϫ60 mV for AtPTR2. As indicated by the heavier arrows, at more positive membrane potentials, fPTR2 and AtPTR2, prefer to bind proton and dipeptides in an orderly fashion (proton first, then dipeptide). Because leaking currents were not observed in the absence of dipeptide for either fPTR2-or AtPTR2-injected oocytes, translocation of [TH] o and [TH] i is unlikely.
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